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ABSTRACT: Recent studies showed that p34SEI-1, also known as TRIP-Br1 or SEI-1, plays a dual role in
the regulation of cell-cycle progression. It exhibits the transactivation activity and regulates a number of
genes required for G1/S transition, while it also binds and activates cyclin-dependent kinase 4 (CDK4)
independent of the inhibitory activity of p16. The goals of this paper are to further dissect the two roles
and to compare the functions between SEI-1 and p16. (i) Yeast one-hybrid-based random mutagenesis
was first used to identify a number of SEI-1 residues important for LexA-mediated transactivation, including
residues L51, K52, L53, H54, L57, and L69 located within the heptad repeat (residues 30-88), a domain
required for LexA-mediated transactivation, and two residues M219 and L228 at the C-terminal segment
that contributes to transactivation through modulating the heptad repeat. (ii) The functional significance
of these residues was further confirmed by site-directed mutagenesis. It was also shown that the heptad
repeat-involving transactivation is distinct from the well-known acidic region-involving transactivation.
(iii) Yeast two-hybrid-based binding analysis was made possible with the transactivation-negative SEI-1
mutants, and the results showed that some of such mutants retain full ability to bind and activate CDK4.
(iv) Site-specific mutants of CDK4 were used to show that there are notable differences among SEI-1,
p16, and cyclin D2 in binding to CDK4. (v) The expression levels of SEI-1 and p16 were compared in
32 tumor specimens of human squamous cell carcinomas of the head and neck. The results indicate that
SEI-1 was consistently overexpressed, while p16 was consistently underexpressed. These results provide
important information on the molecular mechanism of the functions of SEI-1 and on the comparison
between SEI-1 and p16 at both molecular and cellular levels.

The newly defined gene product, p34SEI-1, also known as
TRIP-Br11 (hereafter abbreviated as SEI-1), has been shown
to exhibit multiple biological functions (1-3): (a) SEI-1
specifically binds to multiple PHD zinc finger- and/or
bromodomain-containing transcription factors, such as KRIP-1
and p300/CBP, and activates/represses a number of genes
important for signal transduction and cell-cycle progression
(1). (b) SEI-1 directly binds to DP1 and stimulates the
transcriptional activity of the E2F1/DP1 complex in a manner
that is regulated by Rb and E1A proteins, thus triggering
genes required for the G1/S transition (1). (c) SEI-1
physically contacts cyclin-dependent kinase 4 (CDK4)

through a domain distinct from its PHD-bromodomain-
interacting region and stimulates CDK4-mdeiated phospho-
rylation of Rb (2, 3). In the presence of tumor suppressor
p16, a quaternary complex is formed between SEI-1, CDK4,
cyclin D2, and p16, and the stimulation of SEI-1 renders
the kinase resistant to the inhibitory effect of p16. (d) In a
yeast one-hybrid system, SEI-1 turns on thelac Z reporter
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gene that is under the control of the LexA operator and the
minimal TATA region from theGAL1 promoter (3). (e)
While overexpression ofSEI-1 in human cells leads to cell
transformation (2), amplification of theSEI-1gene has been
found in human ovarian and pancreatic tumors (4-7),
suggesting that SEI-1 could play an important role in
tumorigenesis.

While several functional subdomains in SEI-1 have been
identified from previous studies (1-3), including the LexA-
mediated transactivation subdomain in the heptad repeat
(residues 30-88), the CDK4-binding region (residues 30-
160), the PHD-bromodomain-interacting region (residues
167-178), the acidic region for transactivation (residues
167-217), and the C-terminal segment (residues 223-236),
which is inhibitory to acidic-region-mediated transactivation
(Figure 1), the specific residues important for each function,
the coordination between different subdomains, and the
structural bases of SEI-1 functioning remain to be deter-
mined.

In this study, we first identified a group of residues
important for the LexA-mediated transactivation activity of
SEI-1 through yeast one-hybrid-based random mutagenesis
studies. While most of these residues are located within the
heptad repeat and directly involved in LexA-mediated
transactivation, two residues at the C-terminal segment
contribute to transactivation through modulating the heptad
repeat. We also demonstrated that some transactivation-
negative SEI-1 mutants are competent in binding to CDK4
and that the binding strength of SEI-1 to CDK4 is compa-
rable to that of cyclin D2 or p18. However, the mode of
binding to CDK4 appears to be different between SEI-1, p16,
and cyclin D2, as suggested by studies on a set of CDK4
mutants. Our results also suggest that SEI-1 retains two
distinct transactivation activities involving the heptad repeat
and the acidic region, respectively, and that binding of SEI-1
to CDK4 is independent of the heptad repeat involving
transactivation. Finally, we evaluated the expression ofSEI-1
in 32 human SCCHN tumor specimens using real-time PCR,
and all examined SCCHN tumor specimens demonstrated
overexpression ofSEI-1 from 2- to 23-fold, whilep16 was

either not expressed or was expressed at low levels in most
of these tumor specimens.

MATERIALS AND METHODS

PCR-Mediated Random Mutagenesis.A Diversify PCR
random muagenesis kit (BD Clontech) was used to generate
a library as recommended by the manufacturer. Briefly, the
PCR reaction mixture contained 5 ng of pGEX-SEI-1plasmid
(3) as template, 1× TITANIUM Taq buffer, 0.64 mM
MnSO4, 0.2 mM dGTP, 1× Diversify dNTP mix, 0.2µM
each primer (forward and reverse), and 1µL of TITANIUM
Taq polymerse (5 units/µL) in a total volume of 50µL. The
PCR reaction included 94°C for 30 s (1 cycle), 30 s at 94
°C and 1 min at 68°C (25 cycles), and 1 min at 68°C (1
cycle).

Subsequently, 1µL of Dpn I (NEB product) was added
into the PCR reaction mixture to digest pGEX-SEI-1
template, and after incubation at 37°C for 1 h, the PCR
products were purified using a PCR Product Purification kit
(Qiagen). Then, the PCR products were digested with both
EcoRI and Xho I restriction enzymes (NEB products) and
cloned into anEcoR I/Xho I-digested, dephosphorylated
linear pLexA vector (BD Clontech) through cohesive end
DNA ligation using T4 DNA ligase (NEB product). Finally,
the ligation products were transformed intoEscherichia coli
XL-1 Blue (Stratagene), and all pLexA-SEI-1plasmids were
amplified through mini preparation using a plasmid purifica-
tion kit (Qiagen). Evidently,SEI-1 genes in these pLexA-
SEI-1plasmids were randomly mutated.

Yeast One-Hybrid-Based Library Screening.A yeast one-
hybrid transactivation assay was used to screen the above
random mutagenesis library for those SEI-1 mutants with
reduced transactivation activities (3, 8). pLexA-SEI-1plas-
mids were transformed into yeast strain EGY48 (BD Clon-
tech) harboring p8op-lacZ, a reporter plasmid carrying the
lac Z reporter gene under the control of the LexA operator
and the minimal TATA region from theGAL1 promoter,
and transformants were selected using SD-Ura-His selective
media (BD Clontech) as previously described (8). Replica
plates were made on SD-Ura-His media containing 80 mg/L
X-gal, 2% galactose, and 1% raffinose, and after incubation
at 30°C for 48 h, colonies with white and light blue colors
were further evaluated using a liquidâ-galactosidase enzy-
matic activity assay in which ONPG (Sigma) was used as
the substrate. While pLexA-CDK4 was used as negative
control, pLexA-SEI-1wild type was used as positive control.
Liquid â-galactosidase enzymatic activity assays were per-
formed in triplicate.

For colonies with less than 50% ofâ-galactosidase activity
of the colony containingSEI-1 wild type, pLexA-SEI-1
plasmids were recovered as previously described (9) and
subsequently sequenced using an ABI377A automated DNA
sequencer. Both strands of pLexA-SEI-1 plasmids were
sequenced to confirm the mutations. Of note, the above
molecular-cloning procedure needs to be optimized to
increase the efficiency of the random mutagenic library. For
example, instead of transforming and amplifying the ligation
products into bacteria prior to lithium acetate/PEG-mediated
yeast transformation, directly transforming the ligation
products into yeast through electroporation will be more
efficient (9).

FIGURE 1: Schematic summary of the domain organization of SEI-
1. This figure was modified from ref3. Instead of SEI-1 30-132
in ref 3, SEI-1 30-160 was listed here as the domain responsible
for binding to CDK4 because SEI-1 30-160 acts more like full-
length SEI-1 in binding and modulating CDK4. NLS, nuclear
localization sequence; P/S/A, praline-, serine-, and alanine-rich
domain.
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To single out the role of each mutation in transactivation,
single, double, and tripleSEI-1 mutants were generated
through PCR-mediated Quickchange mutagenesis (Strat-
agene) using pLexA-SEI-1wild type as the template and their
transactivation activities were evaluated as above.

Yeast Two-Hybrid Analysis of Interactions between CDK4
and Partner Proteins Including SEI-1, INK4, and Cyclin D2.
To evaluate the interaction between transactivation-negative
SEI-1 mutants and CDK4, humanCDK4 cDNA was cloned
into the activation domain fusion vector, pB42AD (BD
Clontech), and cotransformed into EGY48/p8op-LacZ with
pLexA-SEI-1 plasmids. The binding of SEI-1 mutants to
CDK4 was represented by the activation of thelac Z gene,
and the binding affinity was quantitatively evaluated in liquid
â-galactosidase activity assays as previously described (9).

For the domain-switching experiments (9), genes encoding
transactivation-negative SEI-1 mutants were cloned into
pB42AD as activation domain fusion plasmids and human
CDK4 cDNA was cloned into pLexA as a binding domain
fusion plasmid (10). Similarly, pB42AD-p16, pB42AD-p18,
and pB42AD-cyclin D2 plasmids (10) were cotransformed
with pLexA-CDK4 to evaluate the CDK4-binding ability of
p16, p18, and cyclin D2, respectively.

CDK4 mutants K22Q, R24C, and N41S were generated
through PCR-mediated Quickchange mutagenesis (Strat-
agene) using pLexA-CDK4 wild type as the template.

Cloning, Expression, and Purification of SEI-1 Wild-Type
and Mutant Proteins.As previously described (3), cDNA
genes encoding SEI-1 wild-type and mutant proteins were
cloned into pGEX-6p-1 vectors (Amersham Pharmacia) at
EcoR I/Xho I sites and expressed inE. coli BL21 (DE3)
Codon plus cells (Novagene) as glutathione-S-transferase
(GST) fusion proteins upon IPTG induction. GST-fusion
proteins were purified from the cell lysate using a reduced
glutathione-agarose column (Sigma) followed by a Q Fast-
flow column (Pharmacia). To purify free SEI-1 proteins, 100
units of PreScission protease (Amersham) were added to
GST-SEI-1 proteins in PBS buffer at the final concentration
of 2 units/mL. After incubation at 4°C for 24 h, the reaction
mixture was loaded onto a PBS-equilibrated reduced glu-
tathione-agarose column to remove GST and the flow
through was collected and concentrated. The final product
was analyzed by SDS-PAGE, and its purity was about 90%.

In Vitro CDK4 Kinase Assay.The in Vitro CDK4 activity
assay was performed as previously described (11). Each
reaction mixture contained about 0.15µg of recombinant
CDK4/cyclin D2 holoenzyme and varying concentrations of
SEI-1 proteins in 15µL of the kinase buffer, 50 mM HEPES,
10 mM MgCl2, 2.5 mM EGTA, 0.1 mM Na3VO4, 1 mM
NaF, 10 mM â-glycerolphosphate, 1 mM DTT, 0.2 mM
AEBSF, 2.5 mg/mL leupeptin, and 2.5 mg/mL aprotinin.
After incubation at 30°C for 30 min, 100 ng of GST-
Rb791-928 and 5µCi [γ-32P]ATP were added in the
reaction mixture and the reaction mixture was incubated at
30 °C for another 15 min. Proteins in the reaction mixture
were separated by SDS-PAGE, and the incorporation of32P
into GST-Rb791-928 was quantitatively evaluated using a
PhosphorImager (Molecular Dynamics). Measurements were
repeated in triplicate.

Recombinant CDK4/cyclin D2 holoenzyme was expressed
and purified as follows (11). HumanCDK4 andcyclin D2
cDNAs were cloned into pBacBAK8 and pBacBAK6 vectors

(BD Clontech), respectively. Of note, a 6× His tag was fused
to the C terminus of CDK4 to facilitate the following
purification of the CDK4/cyclin D2 holoenzyme. Each
construct was cotransfected intoSpodoptera frugiperdaSF-9
cells with AutographaCalifornia nuclear polyiruhedrosis
virus BacPAK6/Bsu-361DNA (BD Clontech) to generate
baculovirus particles. Both baculovirus particles were cotrans-
fected into HighFive insect cells (Invitrogen), and the CDK4/
cyclin D2 holoenzyme was purified through affinity chro-
matography using Talon resin (BD Clontech). The final
product was concentrated to approximately 0.3 mg/mL in
the above kinase buffer, and aliquots were stored at-80
°C.

The substrate of CDK4, GST-Rb791-928, was expressed
and purified from bacteria as described above using a pGEX-
2T vector (Amersham) in which cDNA-encoding human Rb
residues 791-928 was fused to the 3′ end of GST in the
open-reading frame (12).

Sample Procurement and Total RNA Extraction.Speci-
mens were obtained from the Tissue Procurement Service
at the Ohio State University Comprehensive Cancer Center
as previously described (13). Specimens were either quickly
frozen in liquid nitrogen in individual plastic bags following
surgical resection or placed in RNA-later solution (Ambion)
immediately following excision. After the frozen tissue was
crushed by repetitive hammering, it was dissolved in TRIzol
extraction reagent (Invitrogen) and total RNA extraction was
performed according to the instructions of the manufacturer.
RNA concentration and purity were determined spectropho-
tometrically by absorbance at 260 and 280 nm. RNA was
aliquoted and stored at-80 °C, and each aliquot was thawed
only once and used immediately.

First-Strand cDNA Synthesis.The first-strand cDNA
synthesis was performed using PowerScript Reverse Tran-
scriptase (BD Clontech) as follows: a reaction mixture
containing 2.0µL of total RNA (∼2-5 µg), 2.0µL of 5×
PowerScript RT buffer, 1.0µL of Oligo d(T)12-18 (0.5 µg/
µL), and 1.0 µL of Random Hexamers (50µM) was
incubated at 70°C for 7.5 min and then chilled to 4°C for
10 min. Subsequently, 2.0µL of 5× PowerScript RT buffer,
2 µL of DTT (0.1 M), 1 µL of dNTPs mixture (25 mM each
individual dNTP), 2µL of 5× PowerScript RT, and 3µL of
distilled water were combined into the reaction mixture, and
the reaction mixture was incubated at the following condi-
tions: 30°C for 5 min, 37°C for 30 min, 42°C for 50 min,
50 °C for 5 min, and 80°C for 10 min. After incubation
with 1 µL of RNase H (Amersham Biosciences) at 37°C
for another 30 min, the reaction mixture was chilled to 4°C
for 10 min and stored on ice for use.

Real-Time PCR Amplification.Amplification reactions
were carried out using the Cepheid SmartCycler system
(Cepheid), and primers and probes were designed using
Primer Express Software version 2.0 (Applied Biosystems).
Each reaction was performed in the presence of 200µM
dNTPs, 3 mM MgSO4, 1.25 units of Taq polymerase
(Stratagene), 1× Additive (1 mg/mL BSA, 750 mM Treha-
lose, and 1% Tween 20), 2.0µL of first-strand cDNA
(containing about 0.5-1.0 µg of cDNA), 0.5 µL of each
primer (at a final concentration of 0.2µM), and 0.25µL of
the dual-labeled fluorogenic probe (at the final concentration
of 0.1 µM). The sample was subjected to 96°C for 2 min,
followed by 55 cycles of 30 s at 95°C, 30 s at 60°C, and
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30 s at 68°C. A final extension step was performed at 68
°C for 5 min. A housekeeping gene, human hypoxanthine
phosphoribosyltransferase (HPRT) was used as the reference
because it was consistently and reproducibly expressed in
all samples. The primers and fluorogenic probes used in
amplifying different cDNA genes were forSEI-1, 5′-
GGCCTCTAGCTCCCTCTCCGA-3′ (forward), 5′-AGGTC-
CGGCTCACTCTGCT-3′ (reverse), and 5′-FAM-TCTCAGT-
GCTCAAGCTCCACCACAGC-TAMRA-3′ (probe); forp16,
5′-TGCCCAACGCACCGA-3′ (forward), 5′-GGGCGCT-
GCCCATCA-3′ (reverse), and 5′-TET-TAGTTACGGTCG-
GAGGCCGATCCA-TAMRA-3′ (probe); and forHPRT, 5′-
CGGCTCCGTTATGGCG-3′ (forward), 5′-GGTCATAAC-
CTGGTTCATCATCAC-3′ (reverse), and 5′-FAM-CG-
CAGCCCTGGCGTCGTGA-TAMRA-3′ (probe). Each gene
was amplified separately, and all experiments were per-
formed in duplicate.

Gene Expression Analysis.The accuracy of the above real-
time PCR assays was verified using serial dilutions of
plasmid DNAs containing humanSEI-1, p16, and HPRT
cDNA genes, respectively. The plasmid DNA concentration
was spectrophotometrically determined by absorbance at 260
nm, and after a serial 10-fold dilution, plasmid DNA samples
were analyzed using the above real-time PCR assays. The
resulting cycle threshold (Ct) values were plotted against the
amount of plasmid DNA (in exponential form). A linear
graph with a correlation coefficient of 0.99 is the indicator
showing that the concentration of the target cDNA gene can
be accurately measured using the above assays, thus justify-
ing the above assays (14).

The concentrations ofSEI-1, p16, andHPRTgenes in each
sample were derived from the threshold cycle (Ct) values
of corresponding genes using the above standard curves (Ct
versus the concentration in exponential form) and were
normalized to get the relative gene expression using the
following formula (15):

RESULTS

Random Mutagenesis.Our previous studies have demon-
strated that SEI-1 functions in both CDK4 activation and
LexA-mediated transactivation (3). However, our previous
results did not dissect the CDK4-binding region (residues
30-160) from the heptad repeat of SEI-1 (residues 30-88)
possessing the transactivation activity, nor did we identify
specific residues responsible for these activities. To further
identify those residues important for LexA-mediated trans-
activation, we constructed a library of SEI-1 mutants through
PCR-mediated random mutagenesis followed by a yeast one-
hybrid-based functional screening (8). Because other domains
could potentially contribute to the transactivation activity of
the heptad repeat, the gene encoding the intact SEI-1, not
just the heptad repeat domain, was used as the template. After
color development, 31 colonies in light blue and white were
screened out of about 5200 yeast colonies. Further quantita-
tive evaluation of the LexA-mediated transactivation activity

indicated that 19 colonies exhibited less than 50% of the
transactivation activity of SEI-1 wild type. pLexA-SEI-1
plasmids were recovered from these 19 colonies for DNA
sequencing, and 11 SEI-1 mutants with reduced transacti-
vation activities were identified (Table 1).

As can be seen in Table 1, all 11 mutants from random
mutagenesis exhibited significantly reduced LexA-mediated
transactivation activities and 2 of them, RM24 and RM29,
did not exhibit any detectable LexA-mediated transactivation
activities. While RM24 contains a Serf stop mutation at
residue 49, RM29 is a transactivation-negative mutant of
great interest. There are 5 mutations at RM29, including
L51P, L53H, L69P, D108G, and Y182N, suggesting that
some or all of these residues may play important roles in
LexA-mediated transactivation. Moreover, 8 of these 11
mutants contain mutations at residues located in the heptad
repeat (residues 30-88), a domain important for LexA-
mediated transactivation as demonstrated in our previous
studies (3). The remaining 3 mutants contain mutations at
the C-terminal segment, including single mutants M219I and
L228P and a triple mutant L157P/D211G/L228P, suggesting
that, besides the heptad repeat, the C-terminal segment of
SEI-1 also contributes considerably to the LexA-mediated
transactivation.

Site-Directed Mutagenesis: Residues Important for Trans-
actiVation.To further narrow down those residues important
for LexA-mediated transactivation, we designed a series of
single, double, and triple mutants based on the following
reasoning. First, for random mutants containing mutations
in the heptad repeat, single, double, or triple mutants in the
heptad repeat residues were first generated and evaluated.
If mutants in the heptad repeat residues did not cause changes
in transactivation comparable to those found in corresponding
random mutants, then residues out of the heptad repeat were
mutated. Second, because mutant RM29, L51P/L53H/L69P/
D108G/Y182N, has lost all of its transactivation activity,
single mutants at all five residues were designed to evaluate
the contribution from each residue to LexA-mediated trans-
activation. Subsequently, double and triple mutants were
generated to evaluate the potential additive effect among
RM29-related single mutants, especially those Leu mutants

relative expression of target gene)
(concentration of target gene/

concentration ofHPRT)tumor ÷
(concentration of target gene/

concentration ofHPRT)control

Table 1: Relative LexA-Mediated Transactivation Activities of
SEI-1 Mutants from Random Mutagenesis

mutant
IDa mutations

relative
transactivation
activityb (%)

SEI-1 wild type 100
LAM 0

RM01 M219I 29.4
RM02 H54L, L69P, N72S, L173Q, T179A 4.9
RM08 L157P, D211G, L228P 4.1
RM09 L228P 4.3
RM10 L53P, T73A, L157P 12.7
RM11 H54L, E138G, N184S 9.9
RM15 L53P, M115V, H124R, L166P, E171G 2.4
RM22 L57P, S117R 13.2
RM23 L51P, L119P, L122P, Y182H, D216A 12.2
RM24 S49STOP, L119P, L157P 0
RM29 L51P, L53H, L69P, D108G, Y182N 0

a LAM is a transactivation-negative control provided by the manu-
facturer (BD Clontech).b Transactivation assays were performed in
triplicate, and the relative activity was defined as 100× the mean value
of a mutant/the mean value of the wild type.
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that are involved in the formation of the leucine zipper in
the heptad repeat (1). Third, double mutants including L228A
and residues at the heptad repeat were generated to evaluate
the coordination effect between the heptad repeat and the

C-terminal segment that is also involved in LexA-mediated
transactivation (Table 1). Fourth, the potential role of K52
in LexA-mediated transactivation was also evaluated because
mutations at the neighboring residues including L51, L53,

Table 2: Relative LexA-Mediated Transactivation Activities of SEI-1 Mutants from Site-Directed Mutagenesis

mutant IDa mutations
relative transactivation

activityb (%) mutant ID mutations
relative transactivation

activity (%)

SEI-1 wild type 100 SDM09 L57A 2.62
LAM 0 SDM10 L57P 1.12
SEI-1 30-236 104.5 SDM11 L69A 1.19
SEI-1 30-160 67.2 SDM12 L69P 0.34
SEI-1 30-88 62.8 SDM13 N72A 93.4
SEI-1 89-236 0 SDM14 N72S 114.2

SDM15 T73A 108.4
SDM01 L51A 33.6 SDM16 D108G 89.3
SDM02 L51P 14.1 SDM17 Y182N 95.1
SDM03 K52A 1.9 SDM18 L228A 5.8
SDM04 L53A 1.23 SDM19 L51A, L69A 0
SDM05 L53H 0.82 SDM20 L53H, L69A 0
SDM06 L53P 0.71 SDM21 L53H, L228A 0.74
SDM07 H54A 0.53 SDM22 L69A, L228A 0.98
SDM08 H54L 1.49 SDM23 L51A, L53H, L69A 0

a LAM is a transactivation-negative control provided by the manufacturer (BD Clontech).b Transactivation assays were performed in triplicate,
and the relative activity was defined as 100× the mean value of a mutant/the mean value of the wild type.

FIGURE 2: Yeast two-hybrid analyses to evaluate interactions between CDK4 and SEI-1 mutants that lack LexA-mediated transactivation
activity. (A) Interactions between CDK4 and SEI-1 proteins. In this assay, pLexA-SEI-1plasmids were cotransformed into EGY48/p8op-
LacZwith pB42AD-CDK4. â-Galactosidase activities from transformants with both pLexA-SEI-1and pB42AD-CDK4 plasmids represent
the CDK4-binding strength of SEI-1 mutants. LAM is a negative control provided by the manufacturer (BD Clontech). (B) Interactions
between CDK4 and its partner proteins. In this assay, theCDK4 gene was cloned into the binding domain fusion vector pLexA, andp16,
p18, cyclin D2, andSEI-1 RM29genes were cloned into the activation domain fusion vector pB42AD. Yar-1, a yeast ribosomal protein
without any interactions with CDK4 was used as a negative control as previously described (10, 12). In both A and B, measurements were
repeated in triplicate and error bars represent standard deviations.
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and H54 have been found in the random mutagenesis
experiments. Table 2 summarizes the results of yeast one-
hybrid-based transactivation assays for all of the site-specific
mutants.

For the residues within the haptad repeat, mutants at N72
and T73 behaved as wild-type SEI-1 and L51A and L51P
exhibited modest decreases (3- and 7-fold reductions,
respectively) in LexA-mediated transactivation activity.
However, mutations of K52, L53, H54, L57, and L69 all
led to a significant loss of LexA-mediated transactivation
activity (retaining less than 5% of the activity of SEI-1 wild
type), suggesting that these residues play important roles in
LexA-mediated transactivation.

For the residues outside of the haptad repeat, D108G and
Y182N mutants did not show notable changes in the LexA-
mediated transactivation activity after mutation, suggesting
that these two residues are not involved in LexA-mediated
transactivation. This is consistent with the following observa-
tions. First, our previous fragmentation studies have dem-
onstrated that the segment encompassing residues 88-160
is responsible for CDK4 binding and stimulation (3). Second,
similar to RM29 (L51P/L53H/L69P/D108G/Y182N), the
triple mutant L51A/L53H/L69A is also transactivation-
negative.

Then, we evaluated the additive effect. While L51A,
L53H, and L69A retained 33.6, 0.82, and 1.19% of the LexA-
mediated transactivation activity of SEI-1 wild type, respec-
tively, L51A/L69A, L53H/L69A, and L51A/L53H/L69A did
not exhibit any detectable LexA-mediated transactivation
activity. In contrast, while single mutant L228A retains 5.8%
of the transactivation activity of SEI-1 wild type, the LexA-
mediated transactivation activities of L53H/L228A (0.74%)
and L69A/L228A (0.98%) were almost identical to those of
single mutants L53H (0.82%) and L69A (1.19%), respec-
tively. Thus, there is no apparent additive effect between
mutations at the heptad repeat and the C-terminal segment.

Some TransactiVation-NegatiVe SEI-1 Mutants Can Bind
to and ActiVate CDK4.Binding of SEI-1 to CDK4 has been
demonstrated in pull-down assays (2, 3); however, quantita-
tive evaluation of this interaction was impeded because of
the following reasons. First, it is challenging to get a large
amount of pure SEI-1 for anyin Vitro kinetic studies. Second,
the transactivation activity of SEI-1 complicates the yeast
two-hybrid-based measurement of binding affinity (3).
Identification of transactivation-negative SEI-1 mutants
enabled us to evaluate the potential interactions between
CDK4 and these SEI-1 mutants through yeast two-hybrid
analyses. In this study, binding domain fusion vectors
pLexA-SEI-1mutants (including RM24, RM29, L51A/L69A,
L53H/L69A, and L51A/L53H/L69A) were cotransformed
into yeast strain EGY48/p8op-Lac Z with an activation
domain fusion plasmid, pB42AD-CDK4. For a colony
containing both pLexA-SEI-1mutant(s) and pB42AD-CDK4,
â-galactosidase activity represents the strength of the CDK4/
SEI-1 mutant interaction. As shown in Figure 2A, RM24,
the deletion mutant with S49STOP mutation did not show
any CDK4-binding activity. However, RM29 and three site-
specific mutants SDM 19, 20, and 23, all of which were
transactivation-negative, exhibited considerable and compa-
rable CDK4-binding activities. Therefore, we chose RM29
as a representative mutant for further analyses because RM29
contains 5 mutations and it is the best mutant to show that
CDK4 binding of SEI-1 is independent of LexA-mediated
transactivation.

The interaction between RM29 and CDK4 was further
evaluated in the Y2H system through domain switching (9).
In this assay, the gene encoding RM29 was cloned into the
activation domain fusion vector as pB42AD-RM29, while
CDK4 cDNA gene was cloned into the binding domain
vector as pLexA-CDK4. As shown in Figure 2B, RM29
interacted with CDK4, suggesting that the RM29/CDK4
interaction observed in the Y2H system is not an artifact.
Furthermore, we assessed the potential of RM29 in stimulat-
ing CDK4 using anin Vitro kinase assay (3, 11). As shown
in Figure 3, the CDK4 kinase activity increased with
increasing concentrations of RM29 and the stimulating
potential of RM29 was comparable to that of SEI-1 wild
type. When these results are taken together, they demonstrate

FIGURE 3: In Vitro kinase assay to evaluate SEI-1-mediated
activation of CDK4. Each reaction mixture included 1.5 units of
CDK4-cyclin D2 holoenzyme (about 0.15µg of protein), 100 ng
of GST-Rb791-928, 5µCi of [γ-32P]ATP, and a varying amount
of SEI-1 proteins. After incubation at 30°C for 15 min, phospho-
rylated GST-Rb791-928 was separated by SDS-PAGE, and the
incorporation of32P into Rb was quantified with a PhosphorImager.
SEI-1 wild type, b; SEI-1 RM29, O. All measurements were
repeated in triplicate, and error bars represent standard deviations.
The kinase activity in the absence of SEI-1 proteins is used as the
reference point at 100%.

FIGURE 4: Yeast two-hybrid analyses for determining the interac-
tions between CDK4 mutants and partner proteins including p16,
SEI-1 RM29, and cyclin D2. Experiments were performed as
described in the caption of Figure 2B, and error bars represent
standard deviations.
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that LexA-mediated transactivation-negative RM29 retains
full ability to bind and activate CDK4, indicating that LexA-
mediated transactivation and CDK4 binding/activation are
independent of each other.

In addition, we compared SEI-1 and other CDK4 partner
proteins in binding strength using yeast two-hybrid analyses
(10, 12). As shown in Figure 2B, the binding strength of
SEI-1 to CDK4 is weaker than that of p16 but comparable
to that of p18 or cyclin D2. While the signal strength in the
yeast two-hybrid assay may not always correlate well with
the actual binding affinity of protein/protein interactions in
cells, these results suggest that, from the perspective of
binding affinity, the effect of SEI-1 on CDK4 could be
regarded as comparable to those of other CDK4 partners
under certain conditions.

Use of CDK4 Mutants to Compare the Binding Modes
between SEI-1 and p16.We also investigated the interactions
of SEI-1 (the R29M mutant) and three CDK4 mutants K22Q,
R24C, and N41S, which have been found in human cancers
(16). The purpose was to compare such interactions with
p16 and cyclin D2, which have already been established
previously. K22 of CDK4 is known to be involved in binding
to cyclin Ds, and K22Q exhibits a significant decrease in
CDK4 kinase activity but retains p16-binding ability (12,

16, 17). R24C mutation has been shown to abolish the CDK4
inhibitory activity of p16 and to cause a modest decrease in
its binding affinity (12, 18), likely because of disruption of
an electrostatic interaction between R24 of CDK4 and D84
of p16 as revealed in the crystal structures of p16/CDK6
and p19/CDK6 complexes (19, 20). The role of N41S of
CDK4 is not clear, and this mutation does not affect p16
binding (12, 16). As shown in Figure 4, CDK4 wild type
and the three mutants show different patterns of interaction
with p16, the RM29 mutant of SEI-1, and cyclin D2.
Mutation at R24 of CDK4 did not result in any detectable
change in binding to SEI-1, which is consistent with the
previous studies showing that SEI-1 does not compete with
p16 for binding to CDK4 but forms a quaternary complex
with CDK4, cyclin D2, and p16 (2, 3). Interestingly, the
K22Q mutation abolished its cyclin D2-binding ability and
also led to a loss of more than 90% of SEI-1-binding ability.
Seemingly, this is not well-consistent with our previous
observation that binding of SEI-1 to CDK4 does not disrupt
the association between CDK4 and cyclin D2 (3). While the
molecular basis of the effect of the K22Q mutation on the
binding of SEI-1 requires further investigation, one possibility
is that K22 of CDK4, a residue required for cyclin D2
binding, is not directly involved in binding to SEI-1, but

FIGURE 5: Real-time PCR assays to evaluate the expression of SEI-1 (A) and p16 (B) in human squamous cell carcinomas of the head and
neck (SCCHN) and normal tissues. A total of 32 specimens from SCCHN (in gray) and 11 specimens from corresponding normal tissues
(in black) were analyzed using real-time PCR, and a pooled sample (V) from these 11 normal specimens was used as a control with a
relative expression value of 1. All experiments were performed in duplicate, and error bars represent standard errors.
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K22Q mutation may bring about a local conformational
change that renders CDK4 unfavorable for SEI-1 binding.
When these observations are taken together, they indicate
that there are notable differences in the molecular basis of
CDK4 binding to SEI-1, p16, and cyclin D2. Structural
studies of CDK4-SEI-1 interactions will thus be of great
interest.

Comparison of SEI-1 and p16 Expressions in Human
SCCHN Tumor Specimens.The humanSEI-1gene is located
at chromosome 19q13.1-13.2 (4). This locus contains
another oncogene,Akt2, and has been found to be amplified
in a number of human tumors (4-7). It has been also
reported that expression ofSEI-1in human cancer cell lines
was induced by the addition of serum in cell cultures (2).
These features suggest that the expression ofSEI-1 could
contribute to the development of human cancers. In this
study, we developed assays to accurately determine the
expression ofSEI-1, p16, and hypoxanthine phosphoribo-
syltransferase (HPRT, as a control) in human SCCHN tumor
specimens using real-time quantitative fluorescence PCR.
Evaluation of plasmids containingSEI-1, p16, and HPRT
cDNA genes with known concentrations confirmed that these
assays have a dynamic range wide enough for clinical
samples (data not shown). For real-time PCR of each gene,
when plotted exponentially, the Ct values correlated linearly
(r2 ) 0.99) with known amount of plasmids containing the
target gene (data not shown), indicating validity of these
assays (14). BecauseHPRT is a housekeeping gene consis-
tently and reproducibly expressed in all specimens, it was
used as an internal control. The expression level ofSEI-1or
p16 in a specimen was defined as the ratio ofSEI-1or p16
to HPRT(15) and was further normalized in comparison with
the expression level ofSEI-1or p16 in a pooled sample of
11 normal specimens. As shown in Figure 5A, an increase
of 2-23-folds in the expression ofSEI-1was observed in
all examined SCCHN tumor specimens relative to the
expression ofSEI-1in 11 normal specimens. In contrast,p16
was either not expressed or was expressed at low levels in
all of these tumor specimens (Figure 5B). While a number
of studies have demonstrated that inactivation ofp16 by
deletions, mutations, and methylations prevalently contribute
to human SCCHN (21), our studies demonstrated for the first
time that SEI-1 is frequently overexpressed in human
SCCHN tumor specimens.

DISCUSSION

Potential Importance in Examining Both SEI-1 and p16
in Tumor Tissues.The results described above suggest that
overexpression ofSEI-1could play an important role in the
development of human SCCHN. There are three different
mechanisms in which overexpression ofSEI-1could affect
the INK4-CDK4/6-Rb(E2F) pathway (1, 22), including (a)
stimulating CDK4-mediated phosphorylation of Rb through
physical association with CDK4, (b) activating E2F-
responsible promoters through the formation of the E2F1/
DP-1/SEI-1 ternary complex, and (c) transactivatingcyclin
E gene and subsequently activating CDK2-cyclin E-
mediated phosphorylation of Rb. Regardless, the physiologi-
cal consequence is likely the same as that caused by the
inactivation of p16, hyperphosphoryaltion of Rb and the
subsequent activation of E2F-controlled promoters. The
actual cellular effects remain to be verified with biological

experiments. However, our results suggest that both over-
expression ofSEI-1 and low expression ofp16 may
contribute to the development of SCCHN. We believe this
is an important finding, because in some cancer cells the
expression level of p16 has been found to be normal or even
enhanced (13, 23-27). It is possible thatSEI-1 is signifi-
cantly overexpressed in these cells. In any case, it is
important to examine the expression of both proteins when
investigating their roles in cancers.

SEI-1 May Retain Two Distinct TransactiVation ActiVities.
SEI-1 is a transcriptional activator that positively or nega-
tively regulates a number of important genes, such ascyclin
E gene (1, 22). While Hsu and his colleagues have
demonstrated that SEI-1 retains a transactivation activity
attributed to its acidic region (residues 167-217) (1), our
studies focus on the LexA-mediated transactivation of SEI-1
involving the heptad repeat (residues 30-88). There are
notable differences between these two types of transactiva-
tions. First, our results indicate that the LexA-mediated
transactivation is independent of residues in the acidic region.
Mutations in the heptad repeat regions, such as mutants
L51A/L69A, L53H/L69A, and L61A/L53H/L69A, are suf-
ficient to abolish all LexA-mediated transactivation, and the
truncated SEI-1 (89-236) did not exhibit any detectable
LexA-mediated transactivation activity (Table 2). No single
mutation in the acidic region has been shown to significantly
reduce the LexA-mediated transactivation. Second, the
residues C-terminal to the acidic region appear to play an
inhibitory role in the acidic region-responsible transactivation
but contribute positively to the LexA-mediated transactiva-
tion. Removal of residues 223-236 brought about an
increase in the acidic region-responsible transactivation (1),

FIGURE 6: Amino acid sequence and helical wheel display of the
heptad repeat of SEI-1. (A) Amino acid sequences of the heptad
repeat domains in SEI-1 and E2F1. Arrows represent residues
important for transactivation identified from this study. (B) Helical
wheel display of the heptad repeat of SEI-1. Residues important
for transactivation are highlighted. This figure is modified from
ref 1.
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while mutation of some residues in the C-terminal region
(M219I and L228A) led to moderately decreased activities
of LexA-mediated transactivation (Tables 1 and 2). Third, a
residue N-terminal to the heptad repeat has been shown to
contribute positively to the acidic region-mediated transac-
tivation as shown by the reduced activity of E12K (1), while
the truncated mutant SEI-1 30-236 retains full LexA-
mediated transactivation activity. The molecular mechanisms
underlining the dual transactivation activities of SEI-1 as
demonstrated in Hsu et al. (1) and our studies and the
physiological significance of these dual transactivation
activities of SEI-1 are not clear yet. However, it is worthwhile
to note that the experimental systems used in these studies

are different. In the mammalian cell system used by Hsu et
al., the luciferase reporter gene was under control of the
GAL4 DNA-binding sequence followed by the E1b TATA
box (1), while in our yeast cell system, the lac Z reporter
gene was regulated by the LexA operator and the minimal
TATA region from the GAL1 promoter (3). It has been
reported that SEI-1 functions to activate some genes but
repress others (1); hence, it is very likely that SEI-1 functions
differently to regulate different transcription machineries.
Evidently, it will be of interest to introduce SEI-1 mutants
with different transactivation activities into cells and identify
genes controlled by different transactivation activities of SEI-
1.

FIGURE 7: Model of LexA-mediated transactivation of SEI-1. The coordination between the heptad repeat (residues 30-88) and the C-terminal
segment under different conditions is described in the text. Only four SEI-1 domains, the heptad repeat (residues 30-88, in light blue), the
CDK4-binding domain (residues 89-160, in orange), the acidic region (residues 167-217, in dark cyan), and the C-terminal segment
(residues 219-236, in black) are shown here. BD represents the GAL4-binding domain from the pLexA plasmid;LacZ is the reporter gene
in the p8op-LacZ plasmid; and arrows indicate the transcription direction of thelacZ gene.
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Structural Model for the LexA-mediated TransactiVation.
The heptad repeat of SEI-1 is a relatively conserved domain
also present in transcription factor E2F1 (Figure 6A), and a
helical wheel analysis shows that this domain contains a
“zipper” helix starting from residue V50 (Figure 6B). In the
present study, we further demonstrated that six residues in
the heptad repeat, including L51, K52, L53, H54, L57, and
L69, are important for LexA-mediated transactivation. All
of these six residues are located within the helical region of
the heptad repeat, and mutations at these residues lead to
the loss of LexA-mediated transactiavtion activity. In addition
to the fact that the heptad repeat itself retains considerable
amount of the LexA-mediated transactivation activity of
intact SEI-1, SEI-1 89-236 does not have any detectable
LexA-mediated transactivation activity (Table 2), indicating
that the heptad repeat is required and sufficient for LexA-
mediated transactivation. Furthermore, our results have
clearly dissected the regions responsible for the CDK4
binding and the LexA-mediated transactivation.

When these features are taken together, they lead us to
propose a novel model for LexA-mediated transactivation
(Figure 7). In this model, the C-terminal segment of SEI-1
(residues 219-236) contributes to the full activity of SEI-1
in LexA-mediated transactivation by modulating the heptad
repeat, the subdomain primarily responsible for the LexA-
mediated transactivation. The CDK4-binding domain and the
acidic region are located between the heptad repeat and the
C-terminal segment and contribute little to LexA-mediated
transactivation (Figure 7A). Mutations within the heptad
repeat, such as L51A/L53H/L69A, could disrupt or distort
the conformation of this helix and lead to the loss of LexA-
mediated transactivation activity (Figure 7B), even though
the C-terminal segment is intact. Mutations within the
C-terminal segment, such as L228A, could perturb the
interaction between the heptad repeat and the C-terminal
segment and lead to substantially reduced LexA-mediated
transactivation activities (Figure 7C). In truncated mutants
such as SEI-1 30-160 and SEI-1 30-88, which are devoid
of the C-terminal segment, the acidic region, and/or the
CDK4-binding domain, the LexA-mediated transactivation
activity is only moderately reduced possibly because the
heptad repeat is able to adapt a more flexible or favorable
conformation in the absence of the modulating C-terminal
residues (Figure 7D). This model represents only our working
hypothesis, and it remains to be refined and verified by
further studies.

Our Approaches Could Be Applied to Other Proteins
Retaining Both TransactiVation and Partner-Interacting
ActiVities. Yeast two-hybrid analyses, in general, are very
useful in studying protein/protein interactions (9). However,
a number of important proteins, such as p53 (28, 29) and
human T-cell leukemia virus type-1 Tax protein (30, 31),
function in both transactivation and protein/protein interac-
tions, and it is difficult to study their interactions with partner
proteins using yeast two-hybrid systems because of their
transactivation activities. The yeast one-hybrid-based random
mutagenesis approach presented here could be applied to
other proteins with both transactivation and protein-interact-
ing abilities. To find mutants negative in transactivation and
positive in protein/protein interactions, we first screened a
random mutagenesis library for transactivation-negative
mutants and then checked their abilities in binding to partners

using yeast two-hybrid analyses. While screening a random
mutagenesis library is time-consuming, a functional assay
based on color development eases this library screening. In
the case of SEI-1, after blue/white development, only 31
colonies (out of 5200 yeast colonies) were further evaluated
using quantitativeâ-galactosidase activity assays, and only
two of them were negative in transactivation, including the
“perfect” mutant, RM29. Even if mutants totally negative
in transactivation and positive in protein/protein interactions
are not found, this approach can still identify those residues
important for transactivation and then design multiple
mutants that lose transactivation but retain protein/protein
interaction abilities, such as the triple mutant L51A/L53H/
L69A in the case of SEI-1.

Structure-Function Relationship of SEI-1.While the
potential biological significance of SEI-1 is emerging, we
are still at the very early stage of understanding the structure
and function, as well as their relationship, of SEI-1. A
combination of site-specific and random mutagenesis has
allowed dissection of different activities and identification
of segments and specific residues important for the specific
function. A potential pitfall of such approaches is that the
observed effects of the mutations can be caused by structural
perturbations of the mutants. This problem is almost certain
to cause some misinterpretations. However, this problem can
be minimized by “cross examinations”, studying the same
problem with multiple approaches or using the same mutant
to examine multiple properties. For example, the observation
that the RM29 mutant (with five residues mutated) of SEI-1
retains full CDK4-binding activity provides a good assurance
that this mutant is not structurally perturbed; therefore, its
loss in the LexA-mediated transactivation can be confidently
attributed to the mutated residues.

REFERENCES

1. Hsu, S. I.-H., Yang, C. M., Sim, K. G., Hentschel, D., O’Leary,
E., and Bonventre, J. V. (2001) TRIP-Br: A novel family of PHD
zinc finger- and bromodomain-interacting proteins that regulate
the transcriptional activity of E2F1/Dp-1,EMBO J.20, 2273-
2285.

2. Sugimoto, M., Nakamura, T., Ohtani, N., Hampson, L., Hampson,
I. N., Shimamoto, A., Furuichi, Y., Okumura, K., Niwa, S., Taya,
Y., and Hara, E. (1999) Regulation of CDK4 activity by a novel
CDK4-binding protein, p34(SEI-1),Genes DeV. 13, 3027-3033.

3. Li, J., Melvin, W. S., Tsai, M.-D., and Muscarella, P. (2004)
Nuclear protein p34SEI-1 regulates the kinase activity of cyclin-
dependent kinase 4 in a concentration-dependent manner,Bio-
chemistry 43, 4394-4399.

4. Tang, T. C.-M., Sham, J. S. T., Xie, D., Fang, Y., Huo, K.-K.,
Wu, Q.-L., and Guan, X.-Y. (2002) Identification of a candidate
oncogene SEI-1 within a minimal amplified region at 19q13 in
ovarian cell lines,Cancer Res. 62, 7157-7161.

5. van Dekken, H., Alers, J. C., Riegman, P. H., Rosenberg, C.,
Tilanus, H. W., and Vissers, K. (2001) Molecular cytogenetic
evaluation of gastric cardia adenocarcinoma and precursor lesions,
Am. J. Pathol. 158, 1961-1967.

6. Hoglund, M., Gorunova, L., Andren-Sandberg, A., Dawiskiba, S.,
Mitelman, F., and Johansson, B. (1998) Cytogenetic and fluores-
cencein situhybridization analyses of chromosome 19 aberrations
in pancreatic carcinomas: frequent loss of 19p13.3 and gain of
19q13.1-13.2,Genes, Chromosomes Cancer 21, 8-16.

7. Thompson, F. H., Nelson, M. A., Trent, J. M., Guan, X. Y., Liu,
Y., Yang, J. M., Emerson, J., Adair, D. S., and Taetle, R. (1996)
Amplification of 19q13.1-q13.2 sequences in ovarian cancer
G-band, FISH, and molecular studies,Cancer Genet. Cytogenet.
87, 55-62.

8. Li, J., Li, H., and Tsai, M.-D. (2003) Direct binding of the
N-terminus of HTLV-1 Tax oncoproteinto cyclin-dependent kinase

Dissecting the Functions of p34SEI-1 Biochemistry, Vol. 44, No. 40, 200513255



4 is a dominant path to stimulate the kinase activity,Biochemistry
42, 6921-6928.

9. BD Clontech (2001) MATCHMAKER LexA Two-Hybrid System,
PT3030-1.

10. Li, J., and Tsai, M.-D. (2002) Novel insights into the INK4-CDK4/
6-Rb pathway: Counter action of gankyrin against INK4 protein
regulates the CDK4-mediated phosphorylation of Rb,Biochemistry
41, 3977-3983.

11. Byeon, I.-J. L., Li, J., Ericson, K., Selby, T. L., Tevelev, A., Kim,
H. K., O’Maille, P., and Tsai, M.-D. (1998) Tumor suppressor
p16INK4A: Determination of solution structure and analyses of
its interaction with cyclin-dependent kinase 4,Mol. Cell 1, 421-
431.

12. Li, J., Joo, S. H., and Tsai, M.-D. (2003) An NF-kappaB-specific
inhibitor, IκBR, binds to and inhibits cyclin-dependent kinase 4,
Biochemistry 42, 13476-13483.

13. Lang, J. C., Borchers, J., Donahey, D., Smoth, S., Stover, D. G.,
Agrawal, A., Malone, J. P., Schuller, D. E., Weghorst, C. M.,
Holinga, A. J., Lingam, K., Patel, C. R., and Esham, B. (2002)
Mutational status of overexpressed p16 in head and neck cancer:
Evidence of germline mutation of p16/p14ARF,Int. J. Oncol. 21,
401-408.

14. Li, J., Weghorst, C. M., Tsutsumi, T., Poi, M. J., Knobloch, T. J.,
Casto, B. C., Melvin, W. S., Tsai, M.-D., and Muscarella, P. (2003)
Frequentp16INK4A/CDKN2A alterations in chemically induced
Syrian golden hamster pancreatic tumors,Carcinogenesis 25,
263-268.

15. Hu, L. H., Chen, F. H., Li, Y. R., and Wang, I. (2004) Real-time
determination of human telomerase reverse transcriptase mRNA
in gastric cancer,World J. Gastroenterol. 10, 3514-3517.

16. Holland, E. A., Schmid, H., Kefford, R. F., and Mann, G. J. (1999)
CDKN2A (P16(INK4a)) and CDK4 mutation analysis in 131
Australian melanoma probands: Effect of family history and
multiple primary melanomas,Genes, Chromosomes Cancer 25,
339-348.

17. Coleman, K. G., Wautlet, B. S., Morrissey, D., Mulheron, J.,
Sedman, S. A., Brinkley, P., Price, S., and Webster, K. R. (1997)
Identification of CDK4 sequences involved in cyclin D1 and p16
binding,J. Biol. Chem. 272, 18869-18874.

18. Sotillo, R., Garcia, J. F., Ortega, S., Martin, J., Dubus, P., Barbacid,
M., Malumbres, M. (2001) Invasive melanoma in CDK4-targeted
mice,Proc. Natl. Acad. Sci. U.S.A. 98, 13312-13317.

19. Russo, A. A., Tong, L., Lee, J., Jeffery, P. D., and Pavletich, N.
P. (1998) Structural basis for inhibition of the cyclin-dependent
kinase cdk6 by tumor suppressor p16INK4A, Nature 395, 237-
243.

20. Brotherton, D. H., Dganaraj, V., Wick, S., Brizula, L., Domaille,
P. J., Volyanik, E., Xu, X., Parisin, E., Smith, B. O., Archer, S.
J., Serrano, M., Brenner, S. L., Blundell, T. L., and Laue, E. D.
(1998) Crystal structure of the complex of the cyclin D-dependent
kinase Cdk6 bound to the cell-cycle inhibitor p19INK4d,Nature
395, 244-250.

21. Poi, M. J., Yen, J., Li, J., Song, H., Lang, J. C., Schuller, D. E.,
Pearl, D. K., Casto, B. C., Tsai, M.-D., and Weghorst, C. M.
(2001) Somatic INK4a-ARF locus mutations: A significant
mechanism of gene inactivation in squamous cell carcinomas of
the head and neck,Mol. Carcinog. 30, 26-36.

22. Sim, K. G., Zang, Z., Yang, C. M., Bonventre, J. V., and Hsu, S.
I. (2004) TRIP-Br links E2F to novel functions in the regulation
of cyclin E expression during cell cycle progression and in the
maintenance of genomic stability,Cell Cycle 3, 1296-1304.

23. Dong, Y., Walsh, M. D., McGuckin, M. A., Gabrielli, B. G.,
Cummings, M. C., Wright, R. G., Hurst, T., Khoo, S. K., and
Parsons, P. G. (1997) Increased expression of cyclin-dependent
kinase inhibitor 2 (CDKN2A) gene product P16INK4A in ovarian
cancer is associated with progression and unfavourable prognosis,
Int. J. Cancer 74, 57-63.

24. Henshall, S. M., Quinn, D. I., Lee, C. S., Head, D. R., Golovsky,
D., Brenner, P. C., Delprado, W., Stricker, P. D., Grygiel, J. J.,
and Sutherland, R. L. (2001) Overexpression of the cell cycle
inhibitor p16INK4A in high-grade prostatic intraepithelial neo-
plasia predicts early relapse in prostate cancer patients,Clin.
Cancer Res. 7, 544-550.

25. Hui, R., Macmillan, R. D., Kenny, F. S., Musgrove, E. A., Blamey,
R. W., Nicholson, R. I., Robertson, J. F. R., and Sutherland, R.
L. (2000) INK4a gene expression and methylation in primary
breast cancer: Overexpression of p16INK4a messenger RNA is a
marker of poor prognosis,Clin. Cancer Res. 6, 2777-2787.

26. Milde-Langosch, K., Bamberger, A. M., Rieck, G., Kelp, B., and
Loning, T. (2001) Overexpression of the p16 cell cycle inhibitor
in breast cancer is associated with a more malignant phenotype,
Breast Cancer Res. Treat. 67, 61-70.

27. Omura-Minamisawa, M., Diccianni, M. B., Chang, R. C., Batova,
A., Bridgeman, L. J., Schiff, J., Cohn, S. L., London, W. B., and
Yu, A. L. (2001) p16/p14(ARF) cell cycle regulatory pathways
in primary neuroblastoma: p16 expression is associated with
advanced stage disease,Clin. Cancer Res. 7, 3481-3490.

28. Fingeman, I. M., and Briggs, S. D. (2004) p53-mediated tran-
scriptional activation: From test tube to cell,Cell 117, 690-691.

29. Bertrand, P., Saintigny, Y., and Lopez, B. S. (2004) p53’s double
life: Transactivation-independent repression of homologous re-
combination,Trends Genet. 20, 235-243.

30. Jeang, K. T., Giam, C. Z., Majone, F., and Aboud, M. (2004)
Life, death, and tax: Role of HTLV-1 oncoprotein in genetic
instability and cellular transformation,J. Biol. Chem. 279, 31991-
31994.

31. Kehn, K., Berro, R., de la Fuente, C., Strouss, K., Ghedin, E.,
Dadgar, S., Bottazzi, M. E., Pumfery, A., and Kashanchi, F. (2004)
Mechanims of HTLV 1 transformation,Front. Biosci. 9,
2347-2372.

BI0504658

13256 Biochemistry, Vol. 44, No. 40, 2005 Li et al.


